Glycopeptidolipids (GPLs) are major components present on the outer layers of the cell walls of several nontuberculous mycobacteria. GPLs are antigenic molecules and have variant oligosaccharides in mycobacteria such as Mycobacterium avium. In this study, we identified four genes (gtf1, gtf2, gtf3, and gtf4) in the genome of Mycobacterium smegmatis. These genes were independently inactivated by homologous recombination in M. smegmatis, and the structures of GPLs from each gene disruptant were analyzed. Thin-layer chromatography, gas chromatography-mass spectrometry, and matrix-assisted laser desorption ionization-time-of-flight mass spectrometry analyses revealed that the mutants ⌬gtf1 and ⌬gtf2 accumulated the fatty acyl-tetrapeptide core having O-methyl-rhamnose and 6-deoxy-talose as sugar residues, respectively. The mutant ⌬gtf4 possessed the same GPLs as the wild type, whereas the mutant ⌬gtf3 lacked two minor GPLs, consisting of 3-O-methylrhamnose attached to O-methyl-rhamnose of the fatty acyl-tetrapeptide core. These results indicate that the gtf1 and gtf2 genes are responsible for the early glycosylation steps of GPL biosynthesis and the gtf3 gene is involved in transferring a rhamnose residue not to 6-deoxy-talose but to an O-methyl-rhamnose residue. Moreover, a complementation experiment showed that M. avium gtfA and gtfB, which are deduced glycosyltransferase genes of GPL biosynthesis, restore complete GPL production in the mutants ⌬gtf1 and ⌬gtf2, respectively. Our findings propose that both M. smegmatis and M. avium have the common glycosylation pathway in the early steps of GPL biosynthesis but differ at the later stages.
The mycobacterial cell envelope has a unique structure that contains a complex of covalently linked peptidoglycan, arabinogalactan, and mycolic acids (7, 11) . The outer layer of the cell envelope is composed of several types of glycolipids that affect the surface properties of mycobacterial cells (7, 11) . Glycopeptidolipids (GPLs) are a major class of glycolipid present on the outer layer of several species of nontuberculous mycobacteria, such as Mycobacterium avium complex, M. scrofulaceum, M. chelonae, M. fortuitum, and M. smegmatis (31) . GPLs have a common fatty acyl-tetrapeptide core consisting of tetrapeptide amino alcohol (D-Phe-D-allo-Thr-D-Ala-L-alaninol) and amide-linked long-chain fatty acid (C [26] [27] [28] [29] [30] [31] [32] [33] [34] ). The fatty acyl-tetrapeptide core is glycosylated with 6-deoxytalose (6-d-Tal) and variable O-methyl-rhamnose (O-Me-Rha) residues, termed non-serovar-specific GPLs (nsGPLs), which are also the main products of M. smegmatis GPLs (1, 4, 10) . The GPLs of M. avium have a more complicated structure, in which an additional Rha residue is added to 6-d-Tal of nsGPLs to be extended with various haptenic oligosaccharides, which are important surface antigens, resulting in serovar-specific GPLs (ssGPLs) (1, 4, 31) .
There are some evidences that GPLs may be responsible for pathogenicity. It has been shown that the some of the ssGPLs are immunosuppressive and are able to induce a variety of cytokines, which affect host responses to infection (3, 15, 18, 29) . Also, ssGPLs are identified as the factors modulating the phagocytosis and phagosome-lysosome fusion (17, 21) . The altered GPL structure is also known to affect the colony morphology relevant to variable virulence (14, 30) .
The biosyntheses of GPLs, particularly nsGPLs, have been characterized for M. smegmatis. Several biosynthetic genes encoding enzymes such as O-methyltransferase, acetyltransferase, and peptide synthetase have been identified (5, 16, 25, 26) , but less is known about the genes involved in the glycosylation steps of the GPLs. The only glycosyltransferase gene that has been characterized is rtfA from M. avium, which is responsible for transferring the Rha residue to 6-d-Tal of nsGPLs to form ssGPLs (12) . However, the initial glycosylation steps for the formation of nsGPLs remain unknown. Recently, it was shown that GPLs from M. smegmatis has a unique structure in which nsGPLs are further glycosylated, unlike ssGPLs (23, 24, 32) , but these unique GPLs are produced in a carbon-starved situation, which is not a normal growth condition.
In this study, to clarify the glycosylation step leading to the formation of nsGPLs and its further products, we focused on four of the M. smegmatis genes having high similarity to M. avium rtfA, whose functions remain uncharacterized. Here, we have undertaken the gene disruption approach for generating each mutant in M. smegmatis, characterized their biochemical phenotypes, and finally hypothesized new biosynthetic pathways associated with glycosylation of GPLs.
MATERIALS AND METHODS
Bacterial strains, culture conditions, and DNA manipulation. Bacterial strains and vectors used and constructed are listed in Table 1 . Mycobacterial strains for DNA manipulation were grown in Middlebrook 7H9 broth (Difco) with 0.05% Tween 80 or Middlebrook 7H10 agar (Difco) with 0.5% glycerol, and each was supplemented with 10% albumin-dextrose-catalase enrichment (Difco). M. smegmatis strains for GPL production were cultured in Luria-Bertani (LB) broth with 0.05% Tween 80. DNA manipulation including isolation of DNA, transformation, and PCR was carried out as described previously (22) . E. coli strain DH5␣ was used for routine manipulation and propagation of plasmid DNA. E. coli strain STBL2 was used for construction of phasmid vectors derived from phAE87. Antibiotics was added as required: kanamycin, 50 g/ml for E. coli and 25 g/ml for M. smegmatis; hygromycin B, 150 g/ml for E. coli and 75 g/ml for M. smegmatis.
Generation of the gene disruptants. The targeted genes (gtf1, gtf2, gtf3, and gtf4) were selected by BLAST analysis of unfinished M. smegmatis genome sequences deposited in the database of The Institute for Genomic Research (TIGR) (http://www.tigr.org) with the rtfA gene of M. avium as the query nucleotide sequence. Each gene was inactivated by inserting a hygromycin-resistant cassette (hyg) using the specialized transducing phage system (2) . To construct the disrupted sequences, around 1.0-kb fragments both upstream and downstream of each gene were amplified from M. smegmatis mc 2 155 genomic DNA using the following two pairs of primers: US1 and UA1 for upstream of gtf1 and DS1 and DA1 for downstream of gtf1; US2 and UA2 for upstream of gtf2 and DS2 and DA2 for downstream of gtf2; US3 and UA3 for upstream of gtf3 and DS3 and DA3 for downstream of gtf3; US4 and UA4 for upstream of gtf4 and DS4 and DA4 for downstream of gtf4. The PCR products were digested with each restriction enzyme and cloned into the corresponding sites flanking hyg of pYUB854 to give pYUBgtf1 (gtf1), pYUBgtf1 (gtf2), pYUBgtf3 (gtf3), and pYUBgtf4 (gtf4). These plasmids were used for packaging into the phasmid vector phAE87 to construct a specialized transducing mycobacteriophage for gene disruption as described previously (2) . The M. smegmatis mc 2 155 strain infected with the above mycobacteriophage at a multiplicity of infection of 10 was incubated at 37°C for 3 h in 7H9 broth without Tween 80. Harvested bacterial cells were then plated and cultured on 7H10 agar containing 75 g/ml hygromycin B for 1 week. The hygromycin B-resistant colonies were selected, and their genomic DNA was subjected to PCR analysis to confirm the disruption of each gene using the following primers: U1 and D1 for gtf1; U2 and D2 for gtf2; U3 and D3 for gtf3; and U4 and D4 for gtf4 (Fig. 1A to D) .
Construction of the gtf expression vectors. The gtf genes of M. smegmatis and M. avium were amplified from each genomic DNA using the following primers: GTF1S and GTF1A for gtf1, GTF2S and GTF2A for gtf2, GTF3S and GTF3A for gtf3, GTF4S and GTF4A for gtf4, GTFAS and GTFAA for gtfA, and GTFBS and GTFBA for gtfB. The PCR products were digested with each restriction enzyme and cloned into the corresponding site of pMV261 to give pMVgtf1 (for the gtf1 gene), pMVgtf2 (for the gtf2 gene), pMVgtf3 (for the gtf3 gene), pMVgtf4 (for the gtf4 gene), pMVgtfA (for the gtfA gene), and pMVgtfB (for the gtfB gene). These vectors were used for complementation and overexpression experiment.
Isolation and purification of GPLs. The total lipids were extracted from harvested bacterial cells with CHCl 3 /CH 3 OH (2:1, vol/vol) for several hours at room temperature. The extracts from the organic phase were separated from the aqueous phase and evaporated to dryness. For isolation of crude deacylated GPLs, total lipid fractions were subjected to mild alkaline hydrolysis as previously described (22, 25) . For analytical thin-layer chromatography (TLC), the total lipid fraction after mild alkaline hydrolysis was spotted on silica gel 60 plates (Merck) and developed in CHCl 3 -CH 3 OH (9:1 [vol/vol]). Deacylated GPLs and other compounds were visualized by spraying with 10% H 2 SO 4 and charring. Each total lipid fraction was extracted from an equal weight of harvested cells. Purified deacylated GPLs were separated from the total lipid fraction after mild alkaline hydrolysis by preparative TLC on the same plates and extracted from the bands corresponding to each GPLs. ␤-Elimination and perdeuteriomethylation treatment for determination of the linkage positions of sugar moieties were carried out as described previously (6, 9, 12) .
GC/MS analysis. For monosaccharide analysis, purified deacylated GPLs or total lipid fraction after mild alkaline hydrolysis was hydrolyzed in 2 M trifluoroacetic acid (2 h, 120°C), and released sugars from deacylated GPLs were reduced with NaBD 4 (sodium borodeuteride) and then acetylated with pyridineacetic anhydride (1:1 [vol/vol]) at room temperature overnight. Each total lipid fraction was extracted from an equal weight of harvested cells. The resulting alditol acetates were separated and analyzed by gas chromatography-mass spectrometry (GC/MS) on TRACE DSQ (Thermo electron) instrument equipped with an SP-2380 column (SUPELCO) using helium gas. The temperature program was from 52 to 172°C at 40°C/min and then 172 to 250°C at 3°C/min.
MALDI-TOF/MS analysis.
To determine the total mass of the purified deacylated GPLs, matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) mass spectra (in the positive mode) were acquired on a QSTAR XL (Applied Biosystems) with a pulse laser emitting at 337 nm. Samples mixed with 2,5-dihydroxybenzoic acid as the matrix were analyzed in the reflectron mode with an accelerating voltage operating in positive ion mode of 20 kV.
RESULTS
Disruption of gtf1, gtf2, gtf3, and gtf4 by allelic exchange. Four genes showing high similarity to the rtfA gene, involved in GPL biosynthesis of M. avium, were identified for the M. smegmatis mc 2 155 strain (12) . The homologies of their corresponding amino acid sequences with that of RtfA were around 60%. Three genes were found in the GPL biosynthetic gene cluster, namely, gtf1, gtf2, and gtf3 (GenBank accession no. AY138899.1) (16), whereas one gene, designated gtf4 (TIGR database no. 4839918 to 4841162), was located far from the other three genes. To examine whether these genes are responsible for GPL biosynthesis, we generated four gene disruptants, designated ⌬gtf1, ⌬gtf2, ⌬gtf3, and ⌬gtf4, using the specialized transducing mycobacteriophage containing the entire open reading frame, replacing with the hygromycin resistance cassette (2) . For confirmation of the gene disruption, PCR analysis was performed on chromosomal DNA from each disruptant. To avoid the amplification of disrupted sequences derived from residual mycobacteriophage, we designed and used the primers located outside the sequences included in each mycobacteriophage as shown in Fig. 1A to D. As expected, around 3.0-kb fragments were amplified from mc 2 155 (wild type), whereas around 4.0-kb fragments were amplified from each disruptant, because most of the gtf coding region (1.2 kb) was replaced by the hygromycin resistance cassette (2.2 kb) (Fig. 1E) . These results demonstrated that allelic exchanges involving replacement of the gtf genes with the disrupted constructs have been successful. 
TLC analysis of gene disruptants.
To investigate the effects of the mutation in each gtf gene, we examined GPL production of four gene disruptants. TLC analyses of total lipid fraction after mild alkaline hydrolysis revealed that wild-type mc 2 155 mainly produced six components, designated GPL-1 to -6, whereas ⌬gtf1 and ⌬gtf2 lacked all six components and ⌬gtf3 lacked two minor ones (GPL-5 and GPL-6) found in the wild type (Fig. 2) . In contrast, no differences in TLC profile were observed between ⌬gtf4 and the wild type (Fig. 2) .
Characterization of ⌬gtf1 and ⌬gtf2. In ⌬gtf1 and ⌬gtf2, the TLC analyses showed that six GPL components contained in the wild type had disappeared. On the other hand, there is the possibility that both disruptants contained GPL derivatives which are structurally incomplete and hard to be detected by TLC analyses. To characterize the sugars included in GPL derivatives from both disruptants and to compare with the wild type, each total lipid fraction after mild alkaline hydrolysis was hydrolyzed, and the released monosaccharides as their alditol acetates were examined by GC/MS. Figure 3 shows that the profiles of the wild type gave three peaks corresponding to 2,3,4-tri-O-Me-Rha, 3,4-di-O-Me-Rha, and 6-d-Tal (Fig. 3A) , whereas ⌬gtf1 lacked 6-d-Tal (Fig. 3B ) and ⌬gtf2 lacked 3,4-di-O-Me-Rha and 2,3,4-tri-O-Me-Rha (Fig. 3C) . Complementation of both disruptants with each respective gene restored the TLC profile of GPLs to that observed for the wild type (not shown). Therefore, the gtf1 and gtf2 genes are found to be responsible for transferring the 6-d-Tal and Rha residues, respectively.
Structural determination of GPL-5 and GPL-6 for characterization of ⌬gtf3. The TLC profile of ⌬gtf3 showed that two spots (GPL-5 and GPL-6) disappeared (Fig. 2) . To reveal the biosynthetic role of the gtf3 gene, GPL-5 and GPL-6 were purified from mc 2 155 and their structures were determined. GC/MS analyses showed that GPL-5 and GPL-6 contained 6-d-Tal and 3,4-di-O-Me-Rha, which were identified as sugar moieties of GPL-3 and GPL-4 (Fig. 4A) . However, an extra sugar, 3-O-Me-Rha, was also detected (Fig. 4A) . MALDI-TOF/MS analyses revealed that the main molecular ions of GPL-5 (m/z 1,333.8) and GPL-6 (m/z 1,319.8) were 160 mass units higher than those of GPL-3 (m/z 1,173.9) and GPL-4 (m/z 1,159.9), respectively (Fig. 4B) . These results confirmed the presence of 3-O-Me-Rha in GPL-5 and GPL-6 and also suggested that 3-O-Me-Rha was further added to GPL-3 and GPL-4. Although GPL-5 and GPL-6 contained same three sugars, the spectra showed that the main molecular ion of GPL-5 (m/z 1,333.8) was 14 mass units higher than that of GPL-6 (m/z 1,319.8) (Fig. 4Ba and 4Bb ). These differences in total mass may be due to O methylation of fatty acid as observed in structures of GPL-1 and GPL-3, suggesting that fatty acid of GPL-5 was O methylated like GPL-1 and GPL-3 (16) . To investigate the sugar linked to D-allo-Thr of the fatty acyltetrapeptide core, GPL-5 and GPL-6 were subjected to ␤-elimination treatment. The main ion peaks of treated GPL-5 and , and (C) ⌬gtf2. Alditol acetate derivatives were prepared from the total lipid fraction after mild alkaline hydrolysis, which was extracted from an equal weight of harvested cells.
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GPL-6 were m/z 1,171.7 and 1,157.7, respectively, which resulted in the loss of total mass of 162, suggesting that 6-d-Tal was linked to the position of D-allo-Thr (Fig. 4C) . The linkage position of the sugars linked to the L-alaninol site of GPL-5 and GPL-6 was then determined by GC/MS analyses followed by perdeuteriomethylation. As shown in Fig. 5A , the GC profiles of alditol acetates from perdeuteriomethylated GPL-5 gave three peaks corresponding to 6-d- Tal Fig. 6) . Overexpression of gtf1, gtf2, gtf3, and gtf4 in M. smegmatis mc 2 155. To investigate the effects of overexpression of each gene on GPL biosynthesis, we constructed four gtf-overexpressed strains in wild-type mc 2 155 and compared the profile of total GPLs by TLC analyses. The results showed that the profiles of Wt/pMVgtf1, Wt/pMVgtf2, and Wt/pMVgtf4 were the same as that of Wt/pMV261, whereas Wt/pMVgtf3 produced two major compounds whose biochemical data corresponded to those of GPL-5 and GPL-6 (Fig. 7) .
Characterization of M. avium gtfA and gtfB. We showed that both M. smegmatis gtf1 and gtf2 were responsible for glycosylation of the fatty acyl-tetrapeptide core. Comparison of the genome sequences encompassing the GPL biosynthetic gene cluster among several species of M. avium have shown that gtfA and gtfB (GenBank accession no. AF125999.1) are very similar to M. smegmatis gtf1 and gtf2, respectively, in the corresponding putative amino acid sequences and might contribute to the glycosylation of the fatty acyl-tetrapeptide core (13) . However, the function of each gene has not been thoroughly analyzed (13) . Therefore, to confirm the role of gtfA and gtfB, we complemented ⌬gtf1 and ⌬gtf2 with the gtf expression vectors carrying gtfA (pMVgtfA) and gtfB (pMVgtfB). As shown in Fig. 8 , TLC analyses revealed that gtfA and gtfB restored the production of wild-type GPLs in ⌬gtf1 and ⌬gtf2, respectively, whereas transformants with reverse vectors (⌬gtf1/pMVgtfB and ⌬gtf2/pMVgtfA) did not produce wild-type GPLs. These results suggested that the function of M. avium gtfA and gtfB is the same as that of M. smegmatis gtf1 and gtf2, respectively.
DISCUSSION
It has been shown that the rtfA gene of M. avium encodes a rhamnosyltransferase which synthesizes ssGPLs, while other genes involved in the glycosylation of the fatty acyl-tetrapeptide core remain unknown (12) . In this study, we focused on the four genes of M. smegmatis, which show high similarity to rtfA, and generated their disruptants to characterize the role in the GPL biosynthesis.
In the early glycosylation steps of the fatty acyl-tetrapeptide core, we observed that the disruption of gtf1 abolished the whole GPLs and led to the accumulation of O-Me-Rha derivatives without 6-d-Tal in ⌬gtf1 (Fig. 3B) . Thus, we propose that the gtf1 gene product catalyzes the transfer of 6-d-Tal to fatty acyl-tetrapeptide core. It is reported that the M. avium 104Rg strain, which has a spontaneous deletion in the genome region including gtfA, also accumulated O-methylated and nonmethylated Rha without 6-d-Tal (13, 30) . This property is directly supported by our result that the gtfA could complement ⌬gtf1 (Fig. 8) . However, M. avium 104Rg mainly contained nonmethylated Rha, whereas ⌬gtf1 derived from M. smegmatis mc 2 155 contained only O-Me-Rha. These different observations may be due to differences in the substrate specificity of methyltransferase, because 2,3,4-tri-O-Me-Rha was present in M. smegmatis mc 2 155 but was not identified in M. avium species (8, 25) .
When the gtf2 gene was disrupted, we detected 6-d-Tal without Rha derivatives in GC/MS analysis, which demonstrates that the gtf2 gene contributes to the transfer of Rha to the fatty acyl-tetrapeptide core (Fig. 3C ). In addition, complementation revealed that the gtfB gene of M. avium had the same function as gtf2 (Fig. 8) . In the previous studies of GPL biosyntheses, the mutant accumulating 6-d-Tal-containing derivatives without the Rha residue have not been isolated from GPL-producing species so far. Our results directly indicated for the first time that 6-d-Tal-containing derivatives could be an intermediate for the biosynthetic pathways of GPLs.
As for the order of glycosylation steps regulated by gtf1 and gtf2, we cannot determine which step takes place earlier, since both disruptants accumulated the intermediates having different component (Fig. 3B and C) . For M. avium serovar 2, Eckstein et al. proposed a pathway in which the transfer of the Rha residue to the fatty acyl-tetrapeptide core occurred prior to that of 6-d-Tal, because a mutant strain, 104Rg, having the gtfA region deleted, accumulated the fatty acyl-tetrapeptide core with only the Rha residue (13) . However, our results lead to the interesting possibility that there are two alternative glycosylation pathways for the formation of nsGPLs (Fig. 9) . If the glycosylation should occur in a single pathway, we would expect the accumulation of a nonglycosylated intermediate in either of the disruptants, because one of the genes, gtf1 or gtf2, would be responsible for the first step of glycosylation converting the fatty acyl-tetrapeptide core to a glycosylated intermediate. Thus, the detection of glycosylated intermediates from both ⌬gtf1 and ⌬gtf2 suggests that (i) the fatty acyl-tetrapeptide core could be the substrate for both Gtf1 and Gtf2 and (ii) the glycosylated intermediates could also be the substrates for both Gtf1 and Gtf2. We prove here that Gtf1 and Gtf2 have broad substrate specificity and propose that the fatty acyltetrapeptide core is glycosylated by Gtf1 and Gtf2 at the same (Fig. 9) . Structural determination of GPL-5 and GPL-6 revealed that L-alaninol of the fatty acyl-tetrapeptide core was glycosylated with disaccharide (3-O-Me-and 3,4-di-O-Me-Rha), which was structurally different from GPLs including GPL-1 to -4 and ssGPLs (Fig. 6) . However, it is reported that M. fortuitum complex produced GPLs which are glycosylated as in GPL-5 and GPL-6 as major components (19, 20) . Therefore, these observations suggest that this type of glycosylation is not specific for M. smegmatis. GC/MS analyses of GPL-5 and GPL- which contained two units of 3,4-di-O-Me-Rha at L-alaninol of the fatty acyl-tetrapeptide core with no 3-O-Me-Rha at any other position when cultured in carbon-limited medium (23, 24) . However, the reason for not being able to detect 3-O-MeRha remains unknown.
In the gtf3-overexpressed strain Wt/pMVgtf3, the productivities of GPL-5 and GPL-6 were much higher than those of other GPLs (Fig. 7) . So, we can speculate that the expression level of gtf3 is usually repressed and could be regulated by some environmental factors, such as the nutrient condition or the gene encoding sigma factor (23, 24) . GC/MS analyses showed that GPL-5 and GPL-6 have the structures in which 3-O-Me-Rha is linked to GPL-3 and GPL-4. These results suggest that GPL-3 and GPL-4 could be the precursors of GPL-5 and GPL-6, respectively, and in Wt/pMVgtf3, overexpression of gtf3 resulted in 2-O-rhamnosylation of 3,4-di-OMe-Rha in GPL-3 and GPL-4 instead of 2-O-methylation for converting to GPL-1 and GPL-2, so that GPL-5 and GPL-6 were synthesized. Figure 9 represents proposed glycosylation steps related to M. smegmatis and M. avium. We showed that the functions of gtf1 and gtf2 corresponded to those of gtfA and gtfB, respectively. This finding demonstrates that the biosynthetic pathway for nsGPLs, which is the glycosylation of the fatty acyl-tetrapeptide core with the 6-d-Tal and Rha residues, is common between M. smegmatis and M. avium. Moreover, the biochemical characterization of ⌬gtf2 and ⌬gtf1 suggested that the glycosylation pathways for nsGPLs might not be stringent. On the other hand, it has been shown that the rtfA gene of M. avium triggers the biosynthesis of ssGPLs by transfer of Rha to 6-d-Tal of nsGPLs (12) . In M. smegmatis, our results indicated that the gtf3 gene plays a role in synthesis of 3-O-Me-rhamno- FIG. 6 . Proposed structures of GPL-5 and GPL-6. Figure in parentheses shows the structure of GPL-1, GPL-2, GPL-3, and GPL-4, which were characterized in previous studies (10, 16, 25 syl-(132)-3,4-di-O-Me-Rha linked to L-alaninol of the fatty acyl-tetrapeptide core by transfer of an extra Rha residue to nsGPLs. Thus, the rtfA and gtf3 genes have the ability to confer the biosynthetic differences between M. avium and M. smegmatis, suggesting that these genes may be responsible for the phylogenetic distinctions in the two species of mycobacteria.
